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ABSTRACT OF THESIS 
 
NON-PORTLAND CEMENT ACTIVATION OF BLAST FURNACE SLAG 
 
The purpose of this project was to produce a “greener” cement from 
granulated ground blast furnace slag (GGBS) using non-Portland cement 
activation. By eventually developing “greener” cement, the ultimate goal of 
this research project would be to reduce the amount of Portland cement 
used in concrete, therefore reducing the amount of carbon dioxide emitted 
into the atmosphere during cement production. 
This research studies the behavior of mineral binders that do not 
contain Portland cement but instead comprise GGBS activated by calcium 
compounds or fluidized bed combustion (FBC) bottom ash. The 
information described in this paper was collected from experiments 
including calorimetry, which is a measure of the release of heat from a 
particular reaction, the determination of activation energy of cement 
hydration, mechanical strength determination, and pH measurement and 
identification of crystalline phases using X-ray diffraction (XRD).  
The results indicated that it is possible to produce alkali-activated 
binders with incorporated slag, and bottom ash, which have mechanical 
properties similar to ordinary Portland cement (OPC). It was determined 
that the binder systems can incorporate up to 40% bottom ash without any 
major influence on binder quality. These are positive results in the search 
for “greener cement”. 
Keywords: Blast Furnace slag, Non-portland cement activation, Fluidized 
bed combustion bottom ash, alkali-activated binders, green cement 
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Chapter 1 
Introduction 
There is a growing scientific consensus that the amount of carbon dioxide 
(CO2) in the Earth’s atmosphere needs to be reduced. Reducing the amount of 
carbon dioxide in the Earth’s atmosphere would require curbing the growth of 
CO2 emissions, and ultimately limiting those emissions to a level that would 
stabilize atmospheric concentrations.1 One way to limit these emissions to a 
manageable level would be to limit CO2 emissions on the industrial and 
production levels.1 
Background 
Cement production is not only a source of combustion-related CO2 
emissions, but it is also one of the largest sources of industrial process-related 
emissions in the United States.2 The cement manufacturing industry is known to 
cause environmental impacts at every stage of the manufacturing process. 
These stages include emissions of airborne pollution in the form of dust, gas, 
noise, vibrations due to heavy machinery and blasting, and damage to landforms 
from quarrying.2 Equipment to reduce dust emissions is very widely used and 
recultivating quarries after they have been closed down has also become very 
popular. The technology to trap and separate emission gases from cement kilns 
is coming into increased use, which is very important because cement 
manufacturing releases a large amount of CO2 into the environment on a daily 
basis.1,2 
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The cement manufacturing industry is the second largest CO2 producer, 
only behind the power generation industry, and typically produces about 5% of 
global man-made CO2 emissions.
2 Half of these emissions typically come from 
burning fuel, and half of the emissions come from the chemical process, resulting 
in a 900kg output of CO2 for every 1000kg of cement produced. 
1 
As previously mentioned, cement manufacturing releases CO2 in the 
atmosphere in two main ways: indirectly and directly.2 The indirect method 
involves the use of energy. The direct method involves the heating of calcium 
carbonate (CaCO3), which produces lime (CaO) and carbon dioxide (CO2). 
CaCO3(s)  CaO(s) + CO2(g) 
There are currently over 150 countries that produce cement and/or clinker. 
Clinker is the main ingredient of cement, and is a solid material produced in a 
rotary kiln that is sintered into 3-25mm diameter lumps. In 2001, the United 
States was the world’s third largest cement manufacturer, behind China and 
India.1, 2 
Cement is one of the world’s most important industries for several 
reasons. First, cement is an essential part of concrete and concrete is the 
foundational material for any construction industry2. Second, because of the 
importance of cement for assorted construction-related activities such as roads, 
residential and commercial buildings, tunnels and dams, production progression 
generally reflect economic activity.3 
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Cement’s ingredients, such as calcium oxide (CaO), silicon dioxide (SiO2), 
aluminum oxide (Al2O3), iron (II) oxide (Fe2O3), and magnesium oxide (MgO), are 
mined mainly as limestone, shale or clay, and sand from the earth.4 These 
materials are crushed into aggregate and then manufactured into clinker and 
cement. Raw mix blending is the first manufacturing step and it requires that the 
mineral aggregates be reduced to powders or slurries prior to being sent to the 
kiln for clinker production.4,5 Usually, the chemical composition of the raw mix is 
controlled very stringently.4 Calcium and silicon must be present in order to help 
form the strength-producing calcium silicates.5 Aluminum and iron must be 
present in order to help form liquid “flux” in the kiln. This liquid “flux” acts as a 
solvent for the silicate-forming reactions, and allows them to occur at a lower 
temperature.1 The amount of aluminum and iron used is somewhat of a 
balancing act, as too much aluminum and iron can lead to low strength cement 
because of insufficient amounts of silicates, but too little aluminum and iron can 
inhibit the formation of clinker nodules within the kiln5. The amount of calcium in 
the raw mix is controlled stringently because small changes in the calcium 
content can lead to very large changes in the ratio of alite (3CaO·SiO2) to belite 
(2CaO·SiO2) in the clinker, which greatly affects the cement’s strength traits.
5 
Alite is the mineral responsible for early strength in cement, and belite is 
responsible for late strength development in cement because of its lower 
reactivity.5,6 Alite is known to be more reactive, in general, because of its higher 
calcium content and because of the presence of an oxide ion in the lattice 
structure when hydrated5,6,7: 
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2Ca3SiO5(s) + 6H2O(l)  3 CaO·2SiO2·3H2O + 3Ca(OH)2(s) 
This calcium silicate hydrate has a poor crystal structure and grows in the form of 
intertwined needles that provide the initial strength development of the hydrated 
cement system.1,5 
Belite, responsible for the development of late strength in hydrated cement 
systems, reacts with water very similarly to alite. 
2Ca2SiO4(s) + 4H2O(l)  3CaO·2SiO2·3H2O + Ca(OH)2(s) 
It, too, grows in the form of intertwined needles, but does not react as quickly, 
hence the late strength development.7 
Clinker, as previous discussed, is produced in a kiln by fire processing the 
mineral aggregate at 1450o to 1500°C.8 After the clinker lumps have been 
cooled, they are ground into a very fine powder in a horizontal tube containing 
steel balls.8 While this grinding process is happening, the type of cement is 
determined based upon the type and quantity of additives added.8 Typically, the 
cooled cement is mixed with a small quantity of gypsum (CaSO4·2H2O), which is 
used to prevent flash setting, to produce ordinary Portland cement, or OPC.8 
The most common use for Portland cement is in the everyday production 
of concrete.8 Concrete is a blended material typically made up of aggregate 
(gravel and sand), cement (usually Portland), and water.8 However, like 
discussed earlier, the manufacturing process of Portland cement requires the 
burning of large quantities of fuel, which typically result in high CO2 emissions 
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and byproducts, such as low concentrations of dioxins and furans.8 Processes 
that can reduce the amount of Portland cement being manufactured, and utilize 
the waste materials from other manufacturing processes are greatly needed.7 
Being able to reduce the amount of Portland cement used in concrete with 
a lower energy/emissions material, such as blast furnace slag, would have a 
large impact on reducing those emissions. Using slag cement in concrete can 
greatly decrease the amount of Portland cement typically used for a specific 
mixture of concrete.9 
Slag cement, which is another name for ground granulated blastfurnace 
slag (GGBS), has been used in concrete projects in the US over the last 
century.7 Slag is recovered, or “tapped”, from the surface of molten iron or steel 
during the smelting process. If the slag is cooled rapidly or “quenched” in water, it 
forms a glassy, granular material that is dried and ground into a fine powder, 
known as ground granulated blast-furnace slag.9 If the slag is not processed by 
quenching, it is known simply as “air-cooled” slag, which is not of value as a 
cement. 
Slag cement can reduce the amount of Portland cement in two ways: 
direct replacement and reduction in total cementitious material in a mixture.10 
Slag cement is a cementitious material that can help to reduce the amount of 
Portland cement in a specific concrete mixture.7 It is also hydraulic cement, 
meaning that it hardens because of hydration reactions, and can thus replace a 
higher quantity of Portland cement in concrete compared to other pozzolans, 
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such as coal combustion fly ash.7 Common examples of pozzolans are silica 
fume, metakaolin, and fly ash.11,12  
Pozzolans are materials that, when combined with calcium hydroxide 
(Ca(OH)2) in solution, display cementitious characteristics.
14 Pozzolans are 
typically used to either increase the long-term strength of Portland cement, or to 
reduce the amount of Portland cement used in concrete. High-quality pozzolans 
are glassy (amorphous) and thus react readily with Ca(OH)2 in solution to form 
calcium silicate hydrates9. For example, alite (3CaO·SiO2) and belite 
(2CaO·SiO2) are major mineral phases in Portland cement, and are responsible 
for setting and strength. When alite and belite are hydrated, the calcium silicates 
form Ca(OH)2 in solution, which react with pozzolans to form additional 
cement.5,6,7 
2Ca3SiO5(s) + 6H2O(l)  3 CaO·2 SiO2·3 H2O + 3Ca(OH)2(s) 
GGBS is considered to be a pozzolan because it can be activated with 
calcium hydroxide (Ca(OH)2) and thus will react within a hydrating Portland 
cement system.12 GGBS is able to be activated by Portland cement because it 
produces a high solution pH, which hydrolyzes the skeletal components of the 
glass network by breaking the M–O–M bonds (M = Al and Si), and thereby 
destabilizing the slag glass material.25 The addition of sulfate (e.g. gypsum) can 
provide the system with a source of sulfate to form other cementitious phases 
such as AFm and AFt.7 
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AFm and AFt are hydration products in cement. Ettringite 
((CaO)3(Al2O3)(CaSO4)3 · 32H2O) is an “AFt” phase, because it contains 
aluminum (“A”), iron (“F”) and three (tri- or “t”) molecules of SO4.
7 It is present as 
rod-like crystals in the early stages of the cement hydration reactions7. 
Monosulfate ((CaO)3(Al2O3)(CaSO4) · 12H2O) is one of the “AFm” phases, and 
usually occurs in the later stages of the hydration reactions.7 It typically replaces 
ettringite after a few days if soluble sulfate is depleted.7 Monosulfate is a member 
of the AFm phase because it contains one molecule of sulfate SO4
7.  
As an example, the “AFt” forms from strength-forming reactions like the 
following sulfo-pozzolanic reaction: 
6Ca2+ + 2[Al(OH)4]
- + 4OH- + 3SO4
2- + 26H2O  (CaO)3(Al2O3)(CaSO4)3 · 32 H2O 
(Ettringite)7 
Research Objective 
Calcium sulfoaluminate cements (Ca4(AlO2)6SO4) are typically known as 
expansive cements, ultra-high early strength cements, and “low-energy” 
cements, and can be used to try to activate slag.15 Energy requirements tend to 
be lower with CSA’s because of the lower kiln temperatures required for the 
reaction, as well as the lower amount of limestone (CaCO3) that is required to be 
in the CSA mixture.16 Accordingly, the lower CaCO3 content and the lower kiln 
temperatures result in a CO2 emission that is about half that of Portland 
cement.9,18 
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Another strategy to limit the amount of Portland cement used in concrete 
is to add gypsum (CaSO4 · 2H2O) or anhydrite (CaSO4) to make “supersulfated 
cement”.18, 22 Supersulfated cement usually contains about 80% ground 
granulated blast furnace slag, 15% gypsum or anhydrite, and a small amount of 
Portland clinker to act as an activator.22 The addition of gypsum or anhydrite 
typically produces strength through the formation of ettringite, which imparts a 
strength gain rate that is similar to a slow-setting Portland cement.9,23 
The addition of calcium sulfate to OPC is a common practice to avoid the 
rapid hardening or “flash set” of OPC concrete due to the rapid hydration of 
tricalcium aluminate (C3A).
22 The prevention of flash set proceeds by the 
formation of ettringite upon addition of water. It is believed that the CaSO4-
bearing materials, gypsum or anhydrite, dissolve in water to provide sulfate 
anions, which react with the tricalcium aluminate (3CaO·Al2O3)
22: 
6Ca2+ + 2[Al(OH)4]
- + 4OH- + 3SO4
2- + 26H2O  (CaO)3(Al2O3)(CaSO4)3 · 32 H2O 
The ettringite crystals are thought to create a thin coating around the anhydrous 
cement grains which, in turn, prevent the quick reaction of 3CaO·Al2O3 with water 
(flash set).22 
A typical way to test all of these different cement mixtures on a small scale 
is to use calorimetry, the science of measuring the heat of chemical reactions or 
physical changes of a system.27 Cementitious mixtures tend to release heat, 
exothermically, at a rate that is proportional to the rate of cement hydration.28 
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Isothermal calorimetry is able to give very repeatable hydration patterns, which 
allows for an ideal setting for studying hydration rates of mortars and pastes.28,29 
The objective of this research project was to test the efficacy of different 
materials as activators for the hydration of GGBS or slag cement. This was done 
with the research goal of formulating a “greener” cement, which contains a 
minimum quantity of Portland cement and maximizes the use of waste materials 
(i.e. slag). The overarching goal is to advance the production of cements that can 
help to reduce the amount of CO2 emitted into the atmosphere. 
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Chapter 2 
Experimental 
Reagents and Instrumentation 
All materials were used as received without further purification. Joppa slag 
was obtained from Lafarge North America Cement Plant and Grinding Facility in 
Joppa, Illinois. Ecocem slag, or what is sometimes referred to as Euromix slag in 
charts and graphs, was obtained from Ecocem Ireland, Limited in Ringsend, 
Dublin. Orcem Slag was obtained from Tata Steel, Ijmuiden Netherlands. 
Fluidized bed combustion material was obtained from Gilbert FBC units at 
Spurlock Station in Maysville, KY. Calcium sulfoaluminate material was obtained 
from Polar Bear Cement Group in Hong Kong, China. 
Calorimeter. The calorimeter data were collected by using a Grace 
AdiaCalTM TC isothermal calorimeter. The calorimeter can be used to test the 
hydration of cement paste, mortar or concrete. A thermal hydration curve is 
plotted as the ambient temperature around the sample is kept constant while 
sensors measure the heat flow generated by the hydration reactions. 
X-ray diffraction (XRD). The XRD data were collected by using a Philips 
XPERT System PW3040-Pro diffractometer under the following conditions: Cu-
Kα radiation, 40 kV, 40 mA. The X-ray diffraction powder patterns were acquired 
by scanning from 2θ = 8° to 60°. 
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Hydration reactions  
The GGBS/non-Portland activator pastes were prepared by using a 
predetermined percentage of GGBS, a predetermined percentage of non-
Portland activator and 50% of the total material’s mass of water. This provided a 
water:cementitious material (w:cm) ratio of 0.5. Orcem, Ecocem (Euromix) and 
Joppa were the three slags used in the study. The compositions of the slags are 
listed in Table 1. Each of the hydration experiments has been repeated several 
times. The amount of materials may have been varied, but the percent basis 
always remained constant. 
To prepare each set of pastes, the GGBS and non-Portland slag 
activators were weighed and placed into plastic cups with lids specifically 
designed for the calorimeter. The timer was started on the calorimeter and the 
appropriate amount of water added to the mixture. The mixture was then stirred 
thoroughly for 60 s before being placed into the calorimeter to be measured for 
the next 48 to 72 h. Once the designated time for each run had ended, the 
hardened paste was removed from the plastic cup and a mineralogical 
examination of the hardened paste was made by X-ray diffractometry (XRD). 
The first set of hydration experiments was prepared using 10, 20, 30, 40, 
and 50% activator by mass, using pure calcium hydroxide as the non-Portland 
slag activator. The experiments were carried out in eight-ounce plastic cups with 
lids. These experiments were run for 48 to 72 h. Table 1 provides the paste 
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compositions for calorimetry experiments using each of the three slags (i.e. each 
experiment was repeated for each of the slags) and three different activators.  
The second set of hydration experiments was carried out on a 40-50% 
scale, using Ca(OH)2 and gypsum as the additives. These experiments were run 
for 48 h. 
The third set of hydration experiments was carried out in a 40-50% scale, 
using fluidized bed combustion material (FBC) and gypsum as the additives. 
These experiments were run for 48 h. 
General procedure for Ecocem, Joppa, or Orcem plus activator. Raw, 
dry slag material (10.0 g) was placed in a glass jar with the dry activator 
(Ca(OH)2, and/or gypsum, CaSO4·2H2O). Two steel ball bearings were placed 
into the glass jar with a lid and blended for exactly one minute. The dry, mixed 
material was placed into an eight-ounce plastic cup and set on an analytical 
balance where water (50% of the mass of the dry sample) was added. The 
calorimeter was started and the wet material was stirred with a glass stir rod for 
exactly one minute. Excess cement was removed from the sides of the plastic 
cup. The lid was placed on the plastic cup, the plastic cup was then placed into 
the calorimeter and the calorimeter lid was closed. Formulations examined by 
this procedure are listed in Table 1. 
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 Paste Ingredients (g) 
 Slag Ca(OH)2 Gypsum FBC Ash Water 
1 10.0 1.0 - - 5.5 
2 10.0 2.0 - - 6.0 
3 10.0 3.0 - - 6.5 
4 10.0 4.0 - - 7.0 
5 10.0 5.0 - - 7.5 
6 10.0 3.0 1.0 - 7.0 
7 10.0 4.0 1.0 - 7.5 
8 10.0 - 4.0 - 7.0 
9 10.0 - 5.0 - 7.5 
10 30.0 - - 12.0 21.0 
11 30.0 - - 15.0 22.5 
 Table 1: Formulations of slag and activator examined by using calorimetry 
 
For Ecocem/ CSA (calcium sulfoaluminate)/ FBC (fluidized bed 
combustion material)/ Anhydrite (CaSO4). These experiments were all run for 
48 h, and Table 2 provides the ingredient proportions for the Ecocem series of 
experiments. 
 
 Paste Ingredients (g) 
 Ecocem Slag Anhydrite FBC Ash OPC CSA Cement Water 
1 10.0 - - - - 5.0 
2 5.0 - - 5.0 - 5.0 
3 5.0 - - - 5.0 5.0 
4 5.0 1.0 - - 4.0 5.0 
5 5.0 2.0 - - 3.0 5.0 
6 5.0 3.0 - - 2.0 5.0 
7 5.0 5.0 - - - 5.0 
8 5.0 - 5.0 - - 5.0 
Table 2: Paste compositions for calorimetry experiments   
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 Compressive Strength Testing 
General procedure for testing compressive strength. Using ASTM 
standard C109, water was added to a stainless steel mixing bowl. A mixture of 
slag and FBC ash was added to the water in the mixing bowl. The mixer was 
started and mixed at low speed for 30 s. Sand was added slowly over a 30 s 
period, while mixing at low speed. The mixer was stopped, changed to medium 
speed and allowed to mix for another 30 s. The mixer was stopped again and the 
mortar was allowed to stand, covered, for 90 s, scraping down the side of the 
bowl during the first 15 s. The mixing of the mortar was finished by mixing for 
additional 60 s at medium speed.  
A flow test of the mixed mortar was completed using ASTM standard C-
1437-01. The standardized flow table was wiped clean and dry and the flow mold 
was placed at the center. A layer of mortar was placed in the mold and tamped 
twenty times with the tamper. The tamping pressure was sufficient to ensure 
uniform filling of the mold. The mold was then filled with more mortar and tamped 
like the first layer. The mortar was cut off to a plane surface flush with the top of 
the mold by drawing the edge of the trowel with a sawing motion across the top 
of the mold. The mold was then lifted away from the mortar one minute after 
completing the mixing operation. The flow table was then dropped 25 times in 15 
s.  
Using a standardized caliper, the diameter of the mortar was measured 
along the four lines scribed in the tabletop and each diameter number was 
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recorded. The four numbers were added together and the total was recorded as 
the flow percent. The mortar must have a flow of 110% ± 5%. Once the correct 
flow for the mortar was obtained by adjusting the water content of the mortar, 
about 1 inch of mortar was placed in the cube mold. The first layer of mortar was 
tamped 32 times in about 10 s in 4 rounds, each round at a right angle to the 
other and consisting of eight adjoining stokes over the surface of the mortar. The 
tamping pressure was sufficient to ensure uniform filling of the molds. The 4 
rounds of tamping (32 strokes) were completed in one cube before going to the 
next. When the first layer of mortar was complete, the compartments were filled 
with the remaining mortar and then tamped as specified for the first layer. During 
the tamping of the second layer, the mortar was forced out onto the tops of the 
molds. The overflow of mortar was brought into the cube mold with a trowel and 
the tops of the cubes were smoothed off. The top of the mortar cubes were cut 
off to a plane surface flush with the top of the mold by drawing the straight edge 
of the trowel with a sawing motion over the length of the mold. The molds were 
then placed in the curing room for no more than 24 h and then demolded. Once 
the cubes were demolded, the cubes were labeled and placed back into the 
curing room to harden. The cubes were broken and/or tested for compression 
strength, at days 3, 7, 28, 56 and 112 of curing. Normally there would be cubes 
broken on day 224 as well, but due to the contents of the curing room being 
moved to a new building, the cubes that had been curing for 224 days were 
accidentally discarded.24 
16 
 
Joppa 60%/FBC 40% and Ecocem 60%/FBC 40%. The procedure above 
was followed; the amount of water used in this batch was 230.0 g, as opposed to 
the 232.0 g of water used in the Joppa and Ecocem batches. 
Orcem 60%/FBC 40%. The procedure above was followed; the amount of 
water used in this batch was 230.0 g, as opposed to the 232.0 g of water used in 
the Joppa and Ecocem batches. 
Metakaolin 10 %/Portland Cement 90 %. The procedure above was 
followed; the amount of water used in this batch was 247.0 g, as opposed to the 
232.0 g of water used in the Joppa and Ecocem batches. 
Metakaolin 20 %/Portland Cement 80 %. The procedure above was 
followed; the amount of water used in this batch was 247.0 g, as opposed to the 
285.0 g of water used in the Joppa and Ecocem batches. 
Activation Energy Testing 
 To prepare each set of pastes, the GGBS and FBC were weighed and 
placed into plastic cups with lids specifically designed for the calorimeter. The 
timer was started on the calorimeter and the appropriate amount of water added 
to the mixture. The mixture was then stirred thoroughly for 60 s before being 
placed into the calorimeter to be measured for the next 336 h. Once the 
designated time for each run had ended, the hardened paste was removed from 
the plastic cup. 
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The composition of the investigated pastes for the 60% GGBS experiment 
was as follows: GGBS, 30.0 g; FBC, 20.0 g; water content, 25.0g. The 
composition of the pastes for the 80% GGBS experiment was as follows: GGBS, 
40.0 g; FBC, 10.0 g; water content, 25.0 g. This experiment was comprised of 
three temperatures of curing: 13, 23 and 33 °C, and each reaction was run for 
336 h (2 weeks). For each temperature of curing, the evolution of heat with time 
was recorded. Once the heat of hydration was recorded, the degree of hydration 
(α) was calculated to quantitatively determine the extent of hydration. From the 
extent of hydration, Ea was calculated to determine the apparent activation 
energy of the slag pastes. 
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Table 3. Chemical Composition of Slags  
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Chapter 3 
Results/Discussion 
With the aid of X-ray diffractometry (XRD) and calorimetry, reaction 
kinetics and composition of the hydration products of three representative ground 
granulated blast-furnace slag (GGBS) samples and potential non-Portland slag 
activators were examined. Strength measurements were used to determine 
practical applications for the mixtures. 
Introduction 
Calorimetry measures the heat of a chemical reaction, or the physical 
changes of a material, as well as its heat capacity. Paste calorimetry was used, 
in this case, to examine the correlation of set time and strength development to 
cement.28 During the first experiment, two representative GGBS samples, 
Ecocem and Joppa, were combined with calcium hydroxide (Ca(OH)2) to 
examine the activation of the slags, and the heat given off during the hardening 
of the paste.  
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Hydration Results 
 
Figure 1. Effect of Ca(OH)2 concentration on slag hydration progress 
A range of compositions was used to determine the amount of calcium 
hydroxide used to get the maximum heat release and hydration. In figure 1, it was 
shown that the 40% Ecocem (Euromix) /Ca(OH)2 mixture released the most heat 
in 48 h.  
Based on the data in figure 1, the percentage of calcium hydroxide was 
then increased for the Ecocem (Euromix) and Joppa slags, while the Orcem was 
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sampled. The run time was increased from 48 h to 72 h to allow for maximum 
hydration. As shown in figure 2, for the Joppa and Ecocem slags, 50% Ca(OH)2 
increased the total energy because of a more complete hydration and the 
formation of ettringite. For the Orcem/Ca(OH)2 slag, the 40% Ca(OH)2 (gray line, 
hidden underneath the red line) showed the greatest amount of heat release 
when compared to the other percentages of Orcem tested. 
 
Figure 2. Hydration progress with Ca(OH)2 
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The Orcem samples were then retested, as seen in figure 3, and it was 
shown that at 72 h, the 40% Orcem/Ca(OH)2 released more heat than the 50% 
Orcem/Ca(OH)2 due to saturation of hydration, allowing for the formation of 
ettringite. 
 
Figure 3. Hydration progress with Ca(OH)2 
Based on the calorimetry data, it was determined that 40-50% Ca(OH)2 
was the optimal range at which to work. Once the maximum percentages were 
established, additional products were added to the mixtures.  
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Gypsum is a common white, or colorless mineral (CaSO4·2H2O) used to 
make cements and plasters, especially plaster of Paris. Gypsum is typically 
added, to Portland cement to control the "setting”, and if not added, the cement 
will set immediately after the mixing with water, leaving no time for placing.22 
Small amounts of gypsum were added to the representative samples to see 
what effect it had on slag hydration. As seen in figure 4, all of the samples that 
contained slag, Ca(OH)2, and gypsum had a very similar reaction. Paste made 
with gypsum and Ecocem (Euromix) slag alone did not result in any slag 
activation, which can be seen with the yellow and green lines in figure 4. 
Without Ca(OH)2, non-activation is to be expected, so these results were what 
was expected.  
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Figure 4. Hydration progress with Ca(OH)2 and gypsum 
However, after the 50% Joppa/gypsum paste was hydrated, as can be 
seen by the green line in figure 5, there was a large spike in the amount of heat 
released. The hydrated 50% Joppa/gypsum paste released more heat than not 
only the 50% Ecocem (Euromix) /gypsum paste, but also the pastes containing 
the slag activator (Ca(OH)2), despite the absence of a typical activator such as 
Ca(OH)2. The 50% Ecocem (Euromix) /gypsum and 50% Joppa/gypsum pastes 
were retested to confirm the results and are shown in figures 6 and 7. In order to 
investigate the potential activation of Joppa slag with gypsum, the pH  
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Figure 5. Hydration progress with Ca(OH)2 and gypsum 
of all three slags were measured to see if the slag pH could have played a factor 
in the unexpected activation of Joppa with gypsum. Joppa had the highest pH 
(12.0) of all three of the slags, with the Ecocem pH = 9.55, and Orcem pH = 9.05. 
The high pH of the Joppa slag could have caused a “self activation” by means of 
the slag, at the initial point a very glassy, amorphous material, to start being 
dissolved.33 As the slag is dissolved, calcium, aluminum, and sulfur are released, 
causing ettringite to be formed ((CaO)6(Al2O3)(SO3)3 · 32 H2O), which releases 
heat upon formation.25 After the ettringite is formed, a period of accelerated heat 
release usually takes place, which is indicative of the formation of new 
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hydrates.25 Finally, the heat release is slowed which results from diffusion of 
water and the ions through the layers of formed hydrates.25 This alkaline 
phenomenon could explain the activation of the 50% Joppa/gypsum, and the 
non-activation of the 50% Ecocem -Orcem/gypsum mixtures. The early formation 
of ettringite over a four-day period was observed using XRD with the 
Joppa/gypsum, and not with the Ecocem /gypsum and Orcem/gypsum. Figure 6 
shows the XRD spectra for the three slag/gypsum mixtures; the most intense 
diffraction peak for ettringite can be seen at around 9°. 
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Figure 6. XRD of Ecocem(Euromix)/gypsum, Joppa/gypsum, and 
Orcem/gypsum  
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Figure 7. Hydration progress with gypsum reruns and FBC 
Once the ideal percentage of activation material was determined, the 
Ca(OH)2 was replaced with FBC spent bed material, or “bottom ash”, to observe 
the extent of activation, or hydration. Bottom ash typically refers to the non-
combustible components of coal that stick to the hot side walls of a coal-burning 
furnace during operation, and eventually fall to the bottom of the furnace to get 
quenched with water.9 
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In this case, 40% and 50% bottom ash paste mixtures were analyzed in 
the calorimeter for 48 h, and all samples were shown to release very similar 
amounts of heat (figure 7). Figure 8 shows that 40-60% mixtures with the 
addition of gypsum release similar amounts of heat. However, even on a small 
scale the gypsum was controlling the amount of heat released with a maximum 
of 70-90 J/g, whereas without the gypsum the maximum amount of heat released 
was 80-100 J/g. 
 
Figure 8. Hydration progress with FBC (spent bed) and gypsum 
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The FBC was then replaced with CSA (calcium sulfoaluminate cement, 
Ca4(AlO2)6SO4)) cement as the activator. The CSA cement and the Ecocem 
(Euromix) slag were tested to determine the amount of activation upon the 
addition of CSA and anhydrite (CaSO4). CSAs are typically early strength, “low-
energy” cements.7,27 Hydration of the CSA produces Ettringite and physical 
properties such as expansion, are obtained by adjustment of the availability of 
calcium and sulfate ions in solution.18 Anhydrous calcium sulfate (anhydrite) is 
similar to gypsum in that it is added to help regulate the setting and hardening of 
cement.22,15 
As seen in figure 9, the addition of CSA and anhydrite to the Ecocem 
(Euromix) slag resulted in a substantial heat release, compared to slag without 
CSA and anhydrite. Hydration of the 50,50 Ecocem (Euromix) /CSA had a 
maximum heat release of ~260 J/g. With the addition of anhydrite, the heat 
release was a little more controlled, ranging from 150-225 J/g. The “standard 
mix”, in this case, Ecocem (Euromix) /Portland started off slowly, but gradually  
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Figure 9. Hydration progress with CSA 
increased to ~190 J/g. The Ecocem (Euromix) /Portland mix energy did not reach 
a plateau like the other mixes. Instead, it gradually increased with hydration time, 
which is consistent with CSA cement being a rapid hardening-cement. The 
Ecocem (Euromix) /FBC released only a small amount of heat. The 50,50 
Ecocem (Euromix) /anhydrite and the 100% Ecocem (Euromix) were not 
hydrated at all, resulting in no activation. 
Compressive Strength Results 
The next main step of the project was to look at the mechanical strength of 
the non-Portland cement. Using the data from the calorimetric experiments, as 
seen in figure 7, it was determined that when mixed with FBC, there was not a 
great difference in activation between the 40% and 50% slag/FBC (bottom ash). 
The 40% mixture was easier to work with, so the cubes made for determination 
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of mechanical strength were a 40% mixture of slag and FBC (bottom ash). The 
cements were mixed and set in cube molds for 24 hours, and the cubes were 
then removed from the molds. The strength cubes were cured in a 100% 
humidity atmosphere and tested every 1, 7, 28, 56, and 112 days to be broken 
for strength testing. Figures 10, 11, 12, and 13 compare the weight and size of 
the cubes, as well as the maximum stress under compression. 
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Figure 10. Strength Data-100% OPC/ Portland Control 
 
 Figure 11. Strength Data- Ecocem/Gilbert BA 40% 
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  Figure 12. Strength Data-Joppa/Gilbert BA 40% 
 
Figure 13. Strength Data-Orcem/Gilbert BA 40% 
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One of the main goals of this research project was produce a “greener” 
cement by testing different material mixtures, specifically non-Portland slag 
activators. The strength of cements derived from slag mixtures is substantially 
less than that of the Portland control, and although the slag/FBC (bottom ash) 
mortars made may not be able to be used in a structural application, they would 
be able to accommodate everyday uses. These slag/FBC (bottom ash) materials 
have a zero carbon footprint, and can be very useful as sidewalks, floors, etc.  All 
three of the slag/FBC (bottom ash) cements are very close in strength.  
Another way to develop “greener” cement is to decrease the amount of 
Portland cement used in typical formulations by direct replacement of the cement 
with a byproduct or several byproducts. Portland cement in a mixture can be 
directly replaced with pozzolans, which reduces the amount of Portland cement 
used and the amount of CO2 released.
33 Pozzolans, such as metakaolin, can 
impart high strength to mortar and concrete and can also substantially improve 
durability. Metakaolin, a dehydroxylated form of the clay mineral kaolinite 
(Al2Si2O5(OH)4) and is prepared by heating kaolinite to temperatures of 500-
800°C.26 It is a highly reactive aluminosilicate pozzolan that when hydrated in the 
presence of alkali, forms a strong slow-hardening cement.34,13 Metakaolin can be 
used to replace Portland cement in concrete by 8-20%, and usually exhibits 
similar strengths to Portland cement concrete, as can be seen in figures 14 and 
15.26 A major downside to using metakaolin as a direct replacement for Portland 
cement is the cost. Metakaolin is much more expensive than other pozzolans, 
which restricts its use in everyday practice.26 
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Figure 14. Strength Data-10% Metakaolin/90% OPC 
 
Figure 15. Strength Data-20% Metakaolin/80% OPC 
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Activation Energy Introduction 
We carried out experiments to determine the apparent activation energy of 
slag/FBC (bottom ash) pastes. Typically, the “apparent activation energy” is 
determined for concrete by means of calorimetric tests, which characterize the 
sensitivity of the concrete hydration processes to temperature.28,29 In this case, 
“apparent activation energy” measurement was attempted with slag pastes, as 
opposed to Portland cement pastes. Measurements of the heat of hydration were 
conducted for different temperatures of isothermal curing with the objective of 
determining the apparent activation energy according to the degree of 
hydration.28,30 
The activation energy experiment was carried out with three curing 
temperatures: 13, 23, and 33 °C. For each curing temperature, two slag pastes 
were made and tested: 60% slag/40% FBC (bottom ash) paste, and 80% 
slag/20% FBC (bottom ash) paste.  
The heat usually evolves according to three main stages: a rapid 
temperature increase then decrease at the beginning, a span of heat release that 
typically means the formation of new hydrates.28,31 The last stage is a span 
resulting from the diffusion of water through the newly formed layer of hydrates. 
The total heat of hydration evolution is determined by the integration of the flux, 
which is shown in figures 16a-f.28,32 
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Activation Energy Results 
As seen in figures 16a-f, increasing temperature accelerates the hydration 
reactions. There is typically a reduction of heat of hydration at a rather advanced 
age when the temperature rises.28 The quick, early hydration caused by a high 
temperature leads to the formation of a layer of coating of hydrated products 
around the cement grains that then delays the continuation of the hydration.28 
However, because these experiments were run with slag pastes, which are 
disordered siliceous materials, and not cement pastes, the layer of coating of 
hydrated products never completely formed, thus allowing for the continuation of 
the hydration in each of these cases.28 
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Figure 16a. The Heat of Hydration Evolution, 60% Ecocem 
 
Figure 16b. The Heat of Hydration Evolution, 80% Ecocem   
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Figure 16c. The Heat of Hydration Evolution, 60% Joppa
 
Figure 16d. The Heat of Hydration Evolution, 80% Joppa   
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Figure 16e. The Heat of Hydration Evolution, 60% Orcem 
  Figure 16f. The Heat of Hydration Evolution, 80% Orcem 
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In order to determine the degree of hydration, the quantity of formed 
hydrates had to be ascertained. The quantity was determined using the 
equation28  
α  
                           
                             
  
The quantity of “released final heat at t =  ” was equal to the asymptotic 
value of the curves of the heat of hydration evolution.28 Looking at figures 16a-f, 
asymptotes were probably not achieved in some cases, due to the lack of the 
formation of the layer of coating of hydrated products that typically delay 
hydration. Therefore the latest point of each line on the graph was used in each 
case to determine the degree of hydration according to time for the three 
specified temperatures of curing, 13, 23, and 33 °C, as seen in figures 17a-f. 
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Figure 17a. Degree of Hydration Evolution, 60% Ecocem 
           
Figure 17b. Degree of Hydration Evolution, 80% Ecocem 
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Figure 17c. Degree of Hydration Evolution, 60% Joppa 
Figure 17d. Degree of Hydration Evolution, 80% Joppa 
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Figure 17e. Degree of Hydration Evolution, 60% Orcem 
 
Figure 17f. Degree of Hydration Evolution, 80% Orcem 
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Using the curves seen in figures 17a-f, and the following equation28: 
 
          
       
      
    
   
  
   
  
    
The degree of hydration according to the different temperatures were 
examined, and energy was then determined for a given degree of hydration, and 
within a range of selected temperatures. These “apparent activation energy” 
results are seen in figures 18a-f. 
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Figure 18a. Apparent Activation Energy, 60% Ecocem 
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Figure 18b. Apparent Activation Energy, 80% Ecocem 
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Figure 18c. Apparent Activation Energy, 60% Joppa 
  
50 
 
 
Figure 18d. Apparent Activation Energy, 80% Joppa 
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Figure 18e. Apparent Activation Energy, 60% Orcem 
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Figure 18f. Apparent Activation Energy, 80% Orcem 
Activation Energy Conclusion 
The Apparent activation energy was established from the temperature 
ranges of 13-23 °C and 23-33 °C. The variable α was read from where it was 
generally most constant, the average, on each of the graphs. The variations of α 
< 0.3 can most likely be explained by the fact that the reaction that was taking 
place at the time would be controlled by diffusion, whereas α > 0.5, would most 
likely not be controlled by an chemical reaction, but also controlled by diffusion of 
water through layer of hydrates.28 The values of the Apparent activation energies 
found in the stabilized portion of the graphs can be seen in table 4.  
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Table 4. Apparent Activation Energy of Ecocem, Orcem, and Joppa slags 
Although the apparent activation energy should not increase with 
temperature,9,28, that pattern was not seen here because the aforementioned 
asymptote was never quite attained. Again, this was most likely due to the lack of 
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formation of the ordered layer coating of hydrated product that typically delays 
late stage hydration, resulting in the development of an asymptote. 
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Summary/Future Works: 
 The test results described in this paper have confirmed some 
advantageous properties of ground granulated blast furnace slag-based 
cementing materials, as well as pozzolan materials. These materials were 
typically activated by means of moderate amounts of Portland clinker, gypsum, 
anhydrite, pozzolans, and/or bottom ash.  
 The three representative ground granulated blast furnace slag cements 
used in these experiments, Joppa, Ecocem, and Orcem, were well activated by a 
number of additives. The most surprising result was the hydration of the Joppa 
slag and gypsum on its own, which was shown to take place because of the high 
pH of the Joppa slag. All three GGBSs were well activated by bottom ash, which 
is very useful information. The use of bottom ash is important because the use of 
a byproduct that typically ends up in landfills or holding ponds, not only helps to 
improve the environment, but also helps to accomplish the original goal of this 
experiment, which was to reduce the amount of CO2 being emitted into the 
atmosphere by cement manufacturing.  
Strength testing was a very important characterization method for the 
GGBS materials. The majority of the slag mixtures showed positive qualities 
overall. The slow development and low final strength of the GGBS materials 
compared to Portland cements may make them unsuitable for some structural 
applications, but are found to be very useful in everyday applications like 
sidewalks and floors.  
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The total replacement and partial replacement of Portland cement in 
mixtures should be tested in future experiments. Although the GGBS strength 
was much lower than the OPC, a material made completely out of byproduct, 
with a zero carbon footprint, has been made and would be able to accommodate 
everyday applications. The results from replacing specific amounts of Portland 
cement showed good strength data, and may be considered more for structural 
applications. 
The main goal of this project was to test non-Portland slag activators with 
the bigger picture of developing “greener” cement. This was accomplished by 
producing a material made completely from byproduct waste material. Ground 
granulated blast furnace slag was activated with fluidized bed combustion 
material (bottom ash), and this material is carbon neutral and can be used in 
many commonplace applications. 
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